We consider a two-Higgs doublet model extended with a broken Abelian gauge symmetry under which all Standard Model (SM) quarks, fourth generation fermions and a new SM-singlet scalar boson are charged. Such a setup is shown to be able to accommodate the muon anomalous magnetic dipole moment while being consistent with existing constraints of flavor-violating decays of charged leptons and Z boson. The new scalar boson offers a suitable dark matter candidate that interacts with the SM particles via the Higgs portal and the Z boson associated with the new gauge symmetry. The dark matter direct detection bound is found to impose a strong constraint on the new gauge coupling.
I. INTRODUCTION
Despite its great success in explaining almost all the existing observational data, the Standard Model (SM) is widely believed to be just an effective theory of a more fundamental theory. Even with the constraints of known symmetries and experimental data, there are still a plethora possible ways to extend the SM. Particularly interesting ones are those that can accommodate some of the outstanding anomalies and/or address certain theoretical issues.
One trivial extension of the SM is to replicate another generation of fermions, the sequential fourth generation. Besides its simplicity, the existence of fourth generation fermions may address some unanswered questions to the SM, such as electroweak symmetry breaking and bayonantibaryon asymmetry [1] [2] [3] [4] [5] . However, this possibility is excluded due to the conflict between the mass lower bound ( 680 GeV) given by the LHC direct search for sequential fourth generation quarks [6] and the mass upper bound ( 550 GeV) required by the unitarity of the partial wave amplitude in fourth-generation top quark pair (t t ) scattering [7] . Furthermore, the existence of sequential fourth generation fermions is also ruled out by the current Higgs boson data at the LHC, as an enhancement by a factor of 9 or so in the Higgs boson production via gluon-gluon fusion (ggF) is expected due to the additional contributions of fourth-generation top and bottom quarks (b ).
It has been recently shown that in the Type-II twoHiggs doublet model (2HDM) with sequential fourth generation fermions, both the Higgs data and the direct search at the LHC can be reconciled provided a subtle cancellation occurs in the Higgs ggF production [8] . In certain parameter space, dubbed the wrong-sign scenario, the Yukawa coupling of b can have an opposite sign to its up-type partner t while they are almost degenerate in mass. As a result, their contributions to the Higgs ggF production amplitude cancel with each other.
Anomalous magnetic dipole moments of electron and muon have been provided as tests for the SM, as they can be both experimentally measured and theoretical computed to an extremely high precision. Interestingly, the muon anomalous magnetic dipole moment, a µ ≡ (g − 2) µ /2, has been observed to be ∼ 3σ away from the SM prediction since its first measurement. This longstanding discrepancy, known as the muon g − 2 anomaly, triggers many proposals beyond the SM (see, e.g., Refs. [9] and [12] for reviews).
Currently the experimental result shows that the discrepancy ∆a µ ≡ a reaches about 3.7σ [11] . With new data from the Fermilab experiment E989 in the near future, the significance is expected to be over 5σ, assuming the central values of both theory and experiment results remain unchanged [12] . If this is the case, the muon g − 2 anomaly certainly involves contributions from beyond the SM. In Type-II 2HDM, additional contributions to a µ have been calculated up to two loops, and the result is not large enough to explain the difference, even with the contributions of sequential fourth generation fermions [13] [14] [15] .
In this paper, we point out that with the introduction of a new scalar boson having lepton flavor-violating couplings, the one-loop diagram involving a heavy chiral lepton can be enhanced. We will focus on the wrong-sign scenario in the type-II 2HDM containing fourth generation fermions, where the heavy charged chiral leptons are not canonically charged under the SM electroweak gauge group while the quarks stay sequential. The new scalar φ is assumed to be an SM singlet. It enhances the muon g − 2 through its flavor-violating coupling between muon and the fourth-generation charged lepton e 4 .
To avoid φ from having other undesirable couplings with fermions, we introduce a gauged U (1) X symmetry. Under the new Abelian symmetry, all fermions except for the leptons in the first three generations have nonzero charges. The two Higgs doublets are also neutral under U (1) X . Assumed to be lighter than the fourth generation fermions, the φ field in the model offers a suitable dark matter (DM) candidate to explain the observed relic density. Moreover, the DM direct search bound imposes a strong constraint on the gauge coupling associated with the new U (1) X symmetry.
The structure of this paper is organized as follows. We start with the model setup in Section II. We present in Section III how the main contribution from the heavy charged lepton fills the gap between the experimental data and SM prediction for the muon g − 2. We also show the constraints on the model parameter space due to the lepton flavor-violating decays of charged leptons and the Z boson. In Section IV, we calculate the DM relic density and derive a bound from the direct search. Finally, conclusions are given in Section V.
II. MODEL SETUP
We consider an extension of the usual type-II 2HDM with three right-handed neutrinos (ν R ), a fourth generation of fermions:
, e L4 , ν L4 , and a SM singlet scalar φ. The model also has a new gauged U (1) X symmetry under which all but the leptons in the first three generations and the two Higgs doublets are charged. As a result, the heavy fermions t , b and More explicitly, the quantum numbers of SM fermions and the two Higgs doublets Φ 1 and Φ 2 are listed in Table I, and those of the fourth-generation fermions and the new scalar φ in Table II . Gauge anomaly cancellation explicitly requires the relationship 9x q + 3x q4 = x 4 . In our numerical studies, we take x q = x q4 = 1/3 to be the same as their baryon number. Furthermore, the charge assignment of the SM singlet scalar field under Fourth generation fermions Scalar QL4 uR4 dR4 LR4 eL4 νL4 φ SU (3)C 3 3 U (1) X plays an important role to forbid the scalar φ to decay into SM particles and Higgs bosons, which makes φ a suitable DM candidate. The DM phenomenology will be discussed later. Also, we assume the U (1) X to be spontaneously broken at a certain energy scale higher than the electroweak scale. As a result, we have a new heavy gauge boson Z that is crucial in the scattering cross section between DM and nucleon.
Unlike the sequential fourth generation, the SM gauge charges of the left-and right-handed fourth-generation leptons are interchanged. Such a setup can lead to an enhancement in the muon g − 2 at the one-loop level due to the interactions between leptons and the signet scale field φ, to be discussed in detail in the next section.
With the assignment x φ = x 4 , the interaction Lagrangian for the SM leptons, the four-generation leptons and the scalar boson φ can be written down as
where the flavor index i = e, µ, τ . We denote the mass of e 4 by m e4 . Because of the U (1) X charges, such interactions are always lepton flavor-violating. For simplicity and concreteness, we will take the Yukawa couplings
to be real in the following numerical studies. As far as the muon anomalous magnetic moment is concerned, only f Following the notations in Ref. [16] , the two Higgs doublets Φ 1 and Φ 2 are parameterized as
where i = 1, 2, v 1 = v cos β and v 2 = v sin β with v = 246 GeV. The physical neutral scalars h and H can be expressed as linear combinations of ρ 1 and ρ 2 :
where α is a mixing angle among the neutral components. The scalar potential in the model includes two parts:
where V 2HDM is the scalar potential for the usual 2HDMs with a Z 2 symmetry softly broken by the m 2 12 terms and V φ contains terms involving purely φ as well as mixing with Φ 1,2 . Here we assume that the new scalar field φ does not develop a vacuum expectation value (VEV). The singlet scalar mass m φ and the coupling strength of the h-φ-φ and H-φ-φ vertices, denoted respectively by λ h and λ H , can be derived from the above scalar potential to be
We will consider the scenario where λ H 1 and, as a consequence, the coupling
The Yukawa couplings of up-type fermions y h u and down-type fermions y
Note that the wrong-sign scenario can be realized when cos(β − α) 1/ tan β and tan β 2 [8, 17] . Unless otherwise specified, we adopt the following benchmark mass spectrum similar to the one given in Ref. [8] for the numerical results presented in the following sections: m u4 = 550 GeV , m d4 = 510 GeV , m e4 = 400 GeV , m ν4 = 400 GeV , m H = 400 GeV , m A = 810 GeV , m H + = 600 GeV . In additional to the SM calculations, the muon anomalous magnetic dipole moment a µ receives a major contribution from the one-loop diagram mediated by the fourth-generation charged lepton e 4 and the scalar boson φ under our setup, as shown in Fig. 1 , Explicitly, we have [9] 
The term involving m e4 gives the major contribution. Other diagrams, including those mediated by CP-even, CP-odd and charged Higgs bosons, give a result about four orders of magnitude smaller and are neglected. It is easy to see that ∆a µ depends upon three parameters of the model: f 4µ , m e4 and m φ .
In Fig. 2 , we show the parameter space in blue band that fits the observed ∆a µ at 1σ level. The grey region is excluded by the requirement of φ being the dark matter candidate and its decay to e 4 being kinematically forbidden. In Fig. 2(a) , we fix the mass of φ to be 400 GeV, and the coupling strength f 4µ is then found to fall between 0.04 and 0.08 for the heavy charged lepton up to about 1 TeV. With f 4µ = 0.05 fixed in Fig. 2(b) , we observe that the mass of e 4 is preferred to be in the window of 300 GeV to 800 GeV. As shown in the next section, the DM mass m φ will be further restricted by the relic density measurement and direct detection bound.
In addition to offering a possible account of the muon g − 2 anomaly, the interactions in Eq. (1) with the assumption in Eq. (2) also lead to lepton flavor-violating processes that should be controlled to be compatible with observed limits. Here we consider the following flavorchanging rare decays of muon and tau:
The first three processes occur through the one-loop diagrams analogous to Fig. 1 with the initial-and final-state muon replaced by the appropriate leptons, while the last one involves both penguin and box diagrams.
As an explicit example, the branching ratio of µ − → e − γ is approximately given by [18] 
where the Fermi constant G F = 1.166 × 10 −5 GeV −2 and
The branching ratios of τ → µγ (τ → eγ) can be obtained by replacing m µ in Eq. (10) with m τ and replacing f 4e (f 4µ ) with f 4τ in Eq. (11) . The analytical result of BR(µ → eee) is more involved and given in the Appendix.
Currently, the upper bounds on the charged lepton flavor-violating decay modes are [19] [20] [21] :
all quoted at the 90% confidence level. With f 4i assumed to be real, the bounds in Eq. (12) impose stringent constraints on the coupling products f 4e f 4µ , f 4e f 4τ and f 4τ f 4µ . To satisfy the current limits, f 4e and f 4τ are found respectively to be five and three orders of magnitude smaller than f 4µ 0.05.
Because of the above-mentioned hierarchy among the f 4i couplings, the box diagram for the µ → eee decay is negligible as compared to the penguin diagram because it is proportional to f 4µ (f 4e ) 3 while the latter involves just f 4µ f 4e . Furthermore, the branching ratio of µ − → e − e − e + has the quasi model-independent relation with µ − → e − γ [22, 23] :
Numerically, we have found the constraints from the radiative decays stronger than that from the three-body decay. The couplings f 4e and f 4τ are found to be less contained in other charged lepton flavor-changing decays, τ → 3µ, τ → 3e and τ → µee. Besides, lepton flavor-violating decays of the Z boson can be induced at the one-loop level due to the interactions in Eq. (1), as illustrated in Fig. 3 . The branching ratio of Z → ± i ∓ j is given by [24] 
where i,j = e, µ, τ and the Z boson total decay width Γ Z g 2 /(4π cos 2 θ W )m Z , g is the SU (2) L gauge coupling constant, and θ W is the weak mixing angle. The couplings in Eq. (14) are given by
where g ≡ g/(cos θ W ) and
Currently, the experimental upper bounds [24] BR(Z → e ± µ ∓ ) < 1.7 × 10
constrain f 4e f 4µ , f 4e f 4τ and f 4µ f 4τ , respectively. To explain the muon g−2 anomaly, the preferred value of f 4µ is around 0.05 when masses of φ and e 4 are of O(100) GeV as seen in Fig. 2 . Given this parameter space preferred by the observed ∆a µ , the upper bounds on f 4e and f 4τ extracted from Eq. (17) turn out to be much less stringent than the bounds obtained from the rare charged lepton decays in Eq. (12).
IV. DARK MATTER
In this section, we study the phenomenology of DM candidate φ, including its relic density and constraint from the null result of direct search.
The present dark matter relic density is determined by its cross section of annihilation to SM particles. Two φ s can annihilate into several possible final states of SM particles in pairs, including leptons, quarks, gauge bosons and Higgs bosons. The first case involves a fourth-generation lepton as the mediator in the t-channel process. However, this channel gives a tiny contribution when we take into account the rare decay limits of charged leptons discussed previously. Therefore, the annihilation cross section is dominated by diagrams mediated by the 125-GeV Higgs boson h and the Z boson, between which the former plays a dominant role. Fig. 4 shows the parameter space in the m φ -λ h plane that renders the observed DM relic density Ωh 2 = 0.1200±0.0012 [25] , where λ h parameterizes the coupling strength of the h-φ-φ vertex which reads as 2λ h m W /g. The black, red and blue bands are respectively the results with tan β = 3, 5 and 10, and the angle α is chosen to comply with the wrong-sign scenario. The colored bands show a few structures due to various kinematical reasons. As the DM mass is close to half of the Higgs boson mass, the sharp drop reflects the resonance enhancement in the annihilation cross section. Similarly, there are then a few more drops as the DM mass crosses the thresholds to annihilate into a pair of W bosons, Z bosons, Higgs bosons and top quarks, respectively. In this plot, we also draw a grey area that is excluded by the upper limit of Higgs boson invisible decay branching ratio BR(h → φφ) 0.24 [26] .
We now turn to the spin-independent elastic scattering between the DM and a nucleon, related to direct search experiments. The scattering process receives contributions that features the exchanges of Higgs and Z bosons. In the low-energy approximation, the DMnucleon (proton or neutron) cross section can be expressed as
with negligible interference between the two diagrams due to the large mass separation between h and Z . The contribution from the Higgs-mediated diagram reads
where m p and m n are the masses of proton and neutron, respectively, and
In the above equation, f The other contribution to the spin-independent DMnucleon scattering comes from the Z -mediated diagram. This cross section is given by
where e denotes the gauge coupling strength of the U (1) X group, and x q and x φ are the U (1) X charges of SM quarks and dark matter, respectively.
The blue curve in Fig. 5 shows the upper limit of elastic scattering cross section that is consistent with the null result of XENON1T experiment [32] if only the Higgs-mediated diagram is considered. The black band and the grey region are quoted from the results with correct dark matter relic density with tan β = 3 and cos(β −α) = 0.525 and exclusion by Higgs invisible decay as given in Fig. 4 . Most of the region with m φ heavier than m h /2 are allowed, except for a small mass window around m φ 80 GeV.
Other curves in yellow, green and red represent the constraints for different U (1) X gauge coupling strength e = 0.013, 0.015 and 0.018, respectively. Similarly, the region above each curve is excluded. Clearly, the elastic cross section is very sensitive to the U (1) X gauge coupling strength, and the Z -mediated diagram can easily dominate over the Higgs boson contribution when the new gauge coupling is turned on. For example, m φ 300 GeV is excluded in the case of e = 0.018.
Finally, we make a brief comment on the phenomenology of Z in the model at hadron colliders. Since the Z boson couples to quarks, it can be searched through the dijet resonance. However, the usual resonance search in dilepton channel would not apply since the SM leptons are U (1) X charge neutral. And we have checked that the numerical results presented in this work satisfy the Z lower bound set by the LHC dijet resonance search [33] . Furthermore, since Z couples to the fourth-generation leptons and dark matter as well, it mainly decays into dark matter particles if m Z 2m 4 . When the decay channels to fourth-generation leptons are kinematically allowed, the branching ratios to 4 become dominant, as we can see in Fig. 6 . Therefore, the dijet branching ratio will be suppressed. The signatures at the LHC would be mono-jet with large missing energy for a light Z . For a heavy Z that decays dominantly into two fourth-generation charged leptons, one should focus on the signature of two charged leptons with missing energy.
V. CONCLUSIONS
The measurement of muon g − 2, with a ∼ 3σ deviation away from the present SM predictions, may present hints of new physics. Furthermore, evidence showing the existence of dark matter certainly call for an extension of SM. In this paper, we have considered a type-II two-Higgs doublet model with an additional generation of fermions, a SM singlet scalar and a new U (1) X gauge group. With non-canonical SU (2) L charge assignments to the fourthgeneration leptons, we showed that the additional contributions of fourth-generation charged leptons with the singlet scalar in the loop could fix the tension between muon g−2 measurement and theory predictions. In addition, flavor-changing rare decays of charged leptons and Z boson could be induced in this model. And we have checked that the parameter space to explain muon g − 2 anomaly is consistent with these constraints.
With the assumed U (1) X charges of fields in this model, the singlet scalar was found to be a suitable dark matter candidate that fits the observed relic density today. However, the LHC data of Higgs invisible decay excludes the possibility of dark matter being lighter than m h /2. Furthermore, the scattering cross section between dark matter and nucleon is sensitive to the gauge coupling strength of U (1) X . As a result, the null results in the direct search of dark matter experiments impose stringent constraints on dark matter mass even when the U (1) X gauge coupling is small. There are two kinds of Feynman diagrams that contribute to µ → 3e decay at one-loop level: penguin diagram and box diagram, as shown in Fig. 7 the notations in Refs. [22, 23] , the effective Lagrangian can be described as
(A1) = L µ→eγ + g 1 (¯ e P R µ )(¯ e P R e ) + g 2 (¯ e P L µ )(¯ e P L e ) + g 3 (¯ e γ ν P R µ )(¯ e γ ν P R e ) + g 4 (¯ e γ ν P L µ )(¯ e γ ν P L e ) + g 5 (¯ e γ ν P R µ )(¯ e γ ν P L e ) + g 6 (¯ e γ ν P L µ )(¯ e γ ν P R e ) + h.c. ,
where
Note that, with this definition, the branching ratio of µ → eγ reads as
Therefore, the branching ratio of µ → 3e can be expressed as BR(µ → 3e) 
In our case, we obtain 
